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Lactosylceramide (LacCer), a neutral glycosphingolipid, is abundantly expressed on human neutro-
phils, and speciﬁcally recognizes several pathogenic microorganisms. LacCer forms membrane
microdomains coupled with the Src family kinase Lyn on the plasma membrane, and ligand binding
to LacCer activates Lyn, resulting in neutrophil functions. In contrast, neutrophilic differentiated
HL-60 cells do not have Lyn-associated LacCer-enriched microdomains and lack LacCer-mediated
functions. In neutrophil plasma membranes, the very long fatty acid C24:0 and C24:1 chains are
the main components of LacCer, whereas plasma membrane of D-HL-60 cells mainly includes
C16-LacCer species. Here, we suggest that LacCer species containing very long fatty acid chains are
indispensable for the association of Lyn with LacCer-enriched microdomains and LacCer-mediated
functions.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cellular membranes, which are indispensable components of
cells, consist of several kinds of lipids and proteins. Although the
ﬂuid mosaic model of membrane structure [1] proposes that trans-
membrane proteins ‘‘ﬂoat in a sea of lipids” on cellular membranes,
the composition of plasma membranes is more complex than ex-
pected. Localized regions of cellular membranes have been found
to have speciﬁc molecular compositions and physical properties
that differ from the rest of the membrane. Membrane microdo-
mains, also known as lipid rafts, are membrane lipid domains rich
in glycosphingolipids (GSLs) and cholesterol; moreover, they con-
tain GPI-anchored proteins and membrane-anchored signaling
molecules and are associated with the cytoskeleton [2,3]. Because
of their physicochemical characteristics, GSLs tend to form clusters
with cholesterol on plasma membranes [4]. For example, immuno-
electron microscopy in the absence of organic solvents or using
SDS-treated freeze-fracture replicas has shown that GSLs form
clusters 40–50 nm in diameter within the plasma membrane,
and that some of these clusters are closely associated with signal
transducer molecules such as Lyn, a member of the Src family of
tyrosine kinases [5,6]. In contrast, the average size of GPI-anchored
protein clusters on plasma membranes ranges from 5 nm tochemical Societies. Published by E
nvironmental and Gender-
chool of Medicine, Urayasu,
uchi).300 nm, depending on ﬁxation and measuring methods [7]. The
ceramide structure of each GSL is highly variable [8], whereas
GPI-anchored proteins contain C18 and/or C16 fatty acid chains.
Moreover, the sn-2 fatty acid chains of GPI-anchored proteins are
C18:0 fatty acid chains, which are critical for the integration of
GPI-anchored proteins into membrane microdomains [9]. Impor-
tantly, the presence of a C24:0 or C24:1 fatty acid chain in GSLs
has been shown to be necessary for the functional connection with
a Src family kinase in membrane microdomains [6,10]. In contrast,
GPI-anchored receptor clusters transiently recruit Src family
kinases for temporary cluster immobilization and activation
[11,12]. These observations suggest that the organization and
signal transduction mechanisms of GSL-enriched microdomains
differ from those of GPI-anchored protein-enriched microdomains.
In this review, we focus on the organization and characteristics of
GSL-enriched microdomains, especially lactosylceramide (LacCer)-
enriched microdomains, and the mechanisms by which lactosyl-
ceramide-enriched microdomains mediate cell functions.2. Characteristics of GSL-enriched microdomains
GSLs are membrane components consisting of hydrophobic cer-
amide and hydrophilic sugar moieties [13]. More than 400 species
of GSLs have been identiﬁed, based on their sugar chain structure
[14]. Furthermore, the ceramide structure of each GSL is also highly
variable [8]. GSL metabolism and composition are speciﬁcally
altered during the proliferation and differentiation of various typeslsevier B.V. All rights reserved.
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Fig. 1. (a) Three-dimensional reconstructed images of LacCer on the plasma membranes of LacCer-loaded D-HL-60 cells. Neutrophils and D-HL-60 cells were stained with
Alexa-594-conjugated anti-LacCer IgM T5A7. After washing, the cells were ﬁxed and examined with a Zeiss LSM 510 confocal microscope equipped with a Plan-Apochromat
100 oil DIC objective. The three-dimensional images were reconstructed using IMARIS software (Bitplane, Zurich, Switzerland). (b) Anti-LacCer antibody-induced
superoxide generation in neutrophils but not DMSO-treated HL-60 cells. Neutrophils and DMSO-treated HL-60 cells were incubated at 37 C for 30 min in 96 well plates
coated with anti-LacCer IgM T5A7, anti-LacCer IgM T5A7 plus 10 lM PP1, or normal IgM. As a positive control for superoxide generation, we used cells incubated with 107 M
fMLP in BSA-coated wells at 37 C for 30 min. Superoxide production was calculated by measuring the superoxide-dismutase inhibited reduction of cytochrome c at 550 nm.
Each bar shows the mean ± S.D. of 4 independent experiments. (c) Association of Lyn with LacCer in neutrophils but not DMSO-treated HL-60 cells. DRM fractions of
neutrophils and DMSO-treated HL-60 cells were immunoprecipitated with the mouse anti-LacCer antibody Huly-m13 (Anti-LacCer IgM) or normal mouse IgM (Normal IgM).
The immunoprecipitants were analyzed by SDS–PAGE/immunoblotting using rabbit anti-Lyn IgG. (d) T5A7-induced phosphorylation of Lyn in neutrophils. Neutrophils and
DMSO-treated HL-60 cells were incubated in anti-LacCer IgM T5A7-coated 10-cm dishes at 37 C for indicated periods. The kinase activity of Lyn was measured by an in vitro
autophosphorylation assay using c-32P-ATP.
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and expression patterns of GSLs may reﬂect the functions of those
cells. Compared with GSLs that lack hydroxyl groups and can only
accept hydrogen bonds, GSLs with hydroxyl groups are thought to
have a greater ability to both donate and accept hydrogen bonds
through the hydroxyl group of sphingosine and the acyl amide
group [14], respectively. GSLs that lack hydroxyl groups within
the ceramide moiety are also able to donate hydrogen bonds
through the amine nitrogen. These physicochemical properties re-
sult in cis interactions of GSLs within the same membrane
[16,17]. Moreover, lipids containing saturated alkyl chains with
higher transition temperatures differ from those containing unsat-
urated chains with a lower transition temperature, sometimes be-
low 0 C, with the former organized in an ordered, less ﬂuid,
liquid phase. In general, the transition temperatures of GSLs are
generally higher than those of other lipids [15]. Sphingolipids differ
from phospholipids in that they contain long saturated acyl chains
[18], allowing them to pack together more tightly. This may explain
why the melting temperatures of sphingolipids are much higher
than those of phospholipids. For example, in human neutrophils,
the major molecular species of LacCer are composed of C16:0,
C22:0, C24:0 and C24:1 acyl chains; with more than 50% of plasma
membrane-derived LacCer composed of C24 or longer fatty acid
chains [6]. The transition temperatures of LacCer are greater than
65 C [19], indicating that LacCer cannot exist as a liquid in cells
at physiological temperatures. Because of these physicochemical
characteristics, GSLs exist as clusters on plasma membranes [4].
Membrane microdomains (lipid rafts) have been deﬁned as
‘‘small (10–200 nm), heterogeneous, highly dynamic, cholesterol-
and sphingolipid-enriched domains that compartmentalizecellular processes [20]. Membrane microdomains are dynamic
structures constantly in the process of either association or
dissociation. Thus, it is quite difﬁcult to biochemically isolate these
domains as they are from cells. Cholesterol is another important
molecule in the phase behavior of membrane microdomains. Cho-
lesterol is much smaller than GSLs and does not contain a long tail.
The small cholesterol sterol-ring system and the ceramide moiety
of GSLs are thought to interact via hydrogen bonds and hydropho-
bic van der Waal’s interactions [21]. Furthermore, cis hydrophilic
interactions among GSL headgroups promote the lateral associa-
tion of GSLs and cholesterol. These interactions result in the sepa-
ration of ‘‘GSL-enriched lipid domains” from other phospholipids in
the cell membrane and the formation of distinct microdomains.
These concepts are in agreement with biochemical ﬁndings, that
cell membranes are not fully solublized by non-ionic detergents
at low temperatures and that detergent-resistant membranes
(DRMs) can be isolated as a low-density fraction [22]. DRMs are
membrane fragments that can be biochemically isolated at low
temperatures from cellular membranes using non-ionic deter-
gents, such as Triton X-100 [22]. The DRM association of a mole-
cule has been accepted widely as the biochemical deﬁnition of its
being a microdomains-associating molecule, while there is no
direct evidence that a molecule associated with the DRM resides
primarily in microdomains within the membrane.
3. LacCer as a pattern recognition receptor
Phagocytosis is a major component of the innate immune
response and is essential in the elimination of invading microor-
ganisms [23,24]. Phagocytosis is initiated by the association of
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Fig. 2. (a) HPTLC analysis of plasma membranes and granular DRMs of D-HL-60 cells and neutrophils. Neutrophils and D-HL-60 cells were disrupted by nitrogen cavitation,
and the plasma membranes and granular DRMs were isolated. Lipids extracted with chloroform/methanol 2:1 (v/v) from plasma membranes and granular fractions of D-HL-
60 cells, and from plasma membrane fractions of neutrophils were separated by high-performance thin-layer chromatography with chloroform/methanol/water 65:25:4 (v/v/
v). The migrated lipids were visualized with primulin spray. (b) Abundance of LacCer species derived from plasma membrane DRMs of neutrophils (open bars) and D-HL-60
cells (closed bars). LacCer bands isolated by HPTLC shown in (a) were recovered by scraping and extracted with chloroform/methanol (2:1 v/v), followed by LC-ESI-MSn. The
abundance of LacCer species was calculated from the peak area ratios on the LC chart of LC-ESI-MS analysis. Each bar shows the percentage (mean of 3 independent
experiments) of each LacCer molecular species in total LacCer of upper or lower bands. (c) Co-immunoprecipitation of Lyn with anti-LacCer antibody in C24:0- and C24:1-
LacCer-loaded but not C16:0- or C22:0-loaded D-HL-60 cells. After loading D-HL-60 cells with 0.5 lg/ml of various LacCer species or 0.1% DMSO, plasma membrane DRMs
(DRM) were isolated and immunoprecipitated with the anti-LacCer IgM Huly-m13. The immunoprecipitates (anti-LacCer mAb) were also analyzed by SDS–PAGE/
immunoblotting using rabbit anti-Lyn IgG. (d) Induction of Lyn activation by anti-LacCer antibody. After loading D-HL-60 cells with 0.5 lg/ml of different LacCer species, the
cells were incubated on anti-LacCer antibody T5A7-coated dishes at 37 C for 5 min. After incubation, cells were recovered and DRM fractions were prepared. The Lyn kinase
activity in each DRM fraction was measured by an in vitro autophosphorylation assay using c-32P-ATP. C24:1/PP1, C24:1-LacCer-loaded cells incubated in the presence of
10 lM PP1.
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tion receptors (PRRs), which are characterized by their localization,
structure, and function. Each PRR recognizes a wide range of
microorganisms based on its individual molecular speciﬁcities,
and plays an essential role in the innate immune system [25].
Phagocytes express and utilize PRRs to recognize pathogens di-
rectly or indirectly. Pathogen-associated molecular patterns are di-
rectly recognized by several types of PRR, such as TLRs [26,27],
mannose receptor [28], the lipopolysaccharide (LPS) binding recep-
tor CD14 [29], scavenger receptors [30,31], dectin-1 [32], aMb2
integrin [33], and LacCer [6,10,34,35]. These PRRs contribute to
the non-opsonic recognition of infectious microorganisms by host
phagocytic cells. In contrast, microorganisms can be recognized
indirectly by PRRs through host opsonins, such as complement
C3bi and IgG, which coat microbial surfaces (opsonization).Among the glycosphingolipids, LacCer binds speciﬁcally to var-
ious pathogenic microorganisms, including Helicobacter pylori,
Escherichia coli, Bordetella pertussis, Bacillus dysenteriae, Propioni-
bacterium freudenreichii, and Candida albicans [35–48]. With regard
to the interactions between LacCer and microorganisms, thin-layer
chromatography and liposome binding assays have indicated that
some microorganisms, such as E. coli and H. pylori, bind to the hy-
droxy fatty acid/sphingosine form but not the non-hydroxy fatty
acid/sphingosine form of LacCer [36,38,46,49]. In contrast, certain
types of bacteria, such as P. freudenreichii and Pneumocystis carinii,
and bacteria-derived molecules, such as CSBG, bind to the non-hy-
droxy fatty acid/sphingosine form of LacCer [35,37,38,50]. Using
the glycosphingolipid-coated plate method, which uses the same
methodology as enzyme-linked immunosorbent assays (unpub-
lished observations), we found that pathogenic mycobacteria bind
Fig. 3. Double-immunolabeling cytochemistry using anti-LacCer and anti-Lyn antibodies. Neutrophils, treated with 0.1% DMSO (as a solvent control), or 0.5 lg/ml of C16:0-
or C24:1-LacCer loaded D-HL-60 cells were ﬁxed, and ultra-thin sections of these cells were incubated with anti-LacCer IgM Huly-m13 along with rabbit polyclonal IgG to Lyn.
As a secondary antibody, we used 5-nm gold-conjugated anti-mouse IgM or 10-nm gold-conjugated anti-rabbit IgG (Fab0)2. Hatched circles indicate LacCer clusters on the
plasma membrane. Arrowheads indicate Lyn.
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Although polyisobutylmethacrylate is generally used in thin-layer
chromatography overlay procedures to prevent silica loss and ori-
ent carbohydrate moieties for the binding of various ligands to gly-
colipids, polyisobutylmethacrylate has been found to alter the
conformation of the glycolipid oligosaccharide, suggesting caution
when analyzing ligand binding to glycolipids after treatment with
polyisobutylmethacrylate [51]. It is likely that the epitopes are lim-
ited to lactose but that the ceramide structure inﬂuences the pre-
sentation of lactose at the assay surface to make one or the other
epitope accessible for bacterial binding [36,38]. However, it is quite
difﬁcult to evaluate the real three-dimensional structure of lactose
of LacCer on the plasma membranes of living cells.
4. Role of fatty acid chains in the connection of Lyn with LacCer-
enriched microdomains
Although membrane microdomains have been implicated in a
number of important membrane events [14,34,52], the molecular
mechanisms of GSL-mediated cell functions are still unclear. One
of the main issues regards the association of GSLs with signal
transducer molecules localized on the cytosolic side of membranes.
LacCer is highly expressed on plasma membranes of human
neutrophils and has been found to mediate several biological func-
tions, including superoxide generation, chemotaxis and phagocyto-
sis [6,10,34,53]. Although these activities are highly dependent on
the Src kinase Lyn, the connection between LacCer and Lynmolecules embedded on the cytoplasmic side of membranes re-
mained obscure. Differentiation of HL-60 into cells of the neutro-
philic lineage using DMSO (D-HL-60 cells) results in the
acquisition of superoxide generating activity [34]. We found, how-
ever, that D-HL-60 cells could not generate superoxide through
LacCer [34], though D-HL-60 cells express almost the same amount
of LacCer on their plasma membranes as do neutrophils (Fig. 1a).
Moreover, most of the LacCer and Lyn in both neutrophils and D-
HL-60 cells was recovered in detergent-resistant membrane frac-
tions (DRM). Interestingly, Lyn was immunoprecipitated from the
DRM of neutrophils but not of D-HL-60 cells by anti-LacCer anti-
body. Moreover, Lyn was activated by cross-linking of LacCer with
anti-LacCer antibody in neutrophils, but not in D-HL-60 cells
(Fig. 1d). These data suggest that some essential molecules, which
are indispensable for linking LacCer with Lyn, are absent from the
LacCer-enriched microdomains of D-HL-60 cells.
As with the general pattern of LacCer on HPTLC analysis, neutro-
phil plasma membrane-derived LacCer migrated as a doublet
(Fig. 2a). In contrast, D-HL-60 plasma membrane-derived LacCer
upper band was hardly detected, although granular LacCer of D-HL-
60 cells migrated as a doublet. The LacCer upper band was mainly
composed of C24:1 and C24:0 fatty acid chain-containing molecular
species (C24:1- and C24:0-LacCer), whereas the LacCer lower band
mainly contained C16:0-LacCer (Fig. 2b). When LacCer containing
C16:0-, C22:0-, C24:0- and C24:1-fatty acid chains was incorporated
into the plasmamembranes of D-HL-60 cells, the exogenously added
LacCer was incorporated into the DRM fractions of plasma mem-
Fig. 4. (a) Effects of anti-LacCer antibody on superoxide generation by LacCer-loaded D-HL-60 cells. Various amounts of C16:0- (j), C22:0- (h), C24:0- (N), or C24:1- (4)
LacCer were loaded onto D-HL-60 cells at 20 C for 30 min. Then anti-LacCer IgM T5A7-induced superoxide generation was assessed using the cytochrome c reduction assay.
fMLP, 107 M fMLP; Resting, 0.1% DMSO. Data show the means ± S.D. of 4 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. (b) Effects of LacCer loading on b-glucan
and anti-LacCer antibody-induced migration of D-HL-60 cells. D-HL-60 cells were loaded with LacSer and the chemotactic migration of cells towards b-glucans and antibodies
was assessed by the Boyden chamber method. Resting, 0.1% DMSO. CSBG, 10 lg/ml Candida albicans-derived b-glucan. SCG, 10 lg/ml Sparassis crispa-derived b-glucan. Anti-
LacCer IgM, 1 lg/ml T5A7. fMLP, 50 nM fMLP. Each bar shows the mean ± S.D. of 5 independent experiments. ***P < 0.001. (c) Effects of Lyn siRNA on LacCer-mediated
chemotaxis of C24:1-LacCer-loaded D-HL-60 cells. After 5 days of treatment with DMSO, HL-60 cells (4  106 cells) were transfected with Lyn siRNA or non-targeting siRNA
(control siRNA) and cultured for a further 72 h. The transfected cells were loaded with 0.5 lg/ml C24:1-LacCer, and a migration assay was performed. Resting, 0.1% DMSO.
CSBG, 10 lg/ml Candida albicans-derived b-glucan. SCG, 10 lg/ml Sparassis crispa-derived b-glucan. Anti-LacCer IgM, 1 lg/ml T5A7. fMLP, 50 nM fMLP. Data are presented as
means ± S.D. of 3 independent experiments. ***P < 0.001.
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LacCer antibody from the plasma membrane DRM of D-HL-60 cells
loaded with C24:0 and C24:1 LacCer, but not with C16:0- or C22:0-
LacCer (Fig. 2c). Treatment with anti-LacCer antibody induced the
phosphorylation of Lyn in D-HL-60 cells loaded with C24:0- and
C24:1-LacCer, but not with C16:0- or C22:0-LacCer (Fig. 2d). These
observations suggest that the C24 fatty acid chain of LacCer is indis-
pensable for connecting Lyn with LacCer-enriched microdomains,
which are responsible for LacCer-mediated functions.
Immunoelectron microscopic analysis of cryo-ultrathin sections
prepared in the absence of organic solvents demonstrated that
neutrophils and D-HL-60 cells expressed LacCer in 40 nm clusters
on plasma membranes (Fig. 3) [6]. In neutrophils, about 27% of theLacCer clusters were closely associated with Lyn molecules located
beneath the membranes. Lyn-associated LacCer clusters, however,
were not observed in D-HL-60 cells. Importantly, after loading
C24:1-LacCer into the membranes of D-HL-60 cells, about
one-fourth of the LacCer clusters became associated with Lyn mol-
ecules, whereas LacCer clusters of C16:0-LacCer-loaded D-HL-60
cells were not associated with Lyn molecules. These observations
were consistent with the results obtained from biochemical
analysis using DRM.
Under those conditions, anti-LacCer antibody T5A7 induced the
generation of signiﬁcant amounts of superoxide in D-HL-60 cells
loaded with C24:0- and C24:1-LacCer, with a bell-shaped dose
response (Fig. 4a). In contrast, loading with C16:0- or C22:0-LacCer
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Fig. 5. (a) Effects of C24-LacCer loading on CD11b/CD18-dependent phagocytosis of NOZs. D-HL-60 cells were loaded with 0.5 lg/mL C16:0-, C24:0- or C24:1-LacCer, C16:0-
or C24:0-GM1, or 0.1% DMSO as a vehicle control (non-treatment) for 30 min at 20 C. Neutrophils and GSL-loaded cells were incubated with NOZs at a concentration of 10
particles per cell for 45 min at 37 C. The phagocytic index was calculated and presented as the ratio of treated to non-treated cells. Each bar shows the mean ± S.D. of 3
independent experiments. *P < 0.05; **P < 0.01 compared with vehicle control. (b) Localization of CD11b and LacCer-enriched microdomains in neutrophils. Neutrophils were
incubated without (Resting cell) or with Alexa430-conjugated NOZs (phagocytosing cell) for 10 min at 37 C. The cells were ﬁxed, permeabilized with digitonin, and
incubated with rat anti-CD11b mAb M1/70 (green), Alexa546-conjugated anti-LacCer mAb T5A7 (red), and Alexa647-conjugated anti-b-actin mAb, and further stained with
Alexa488-conjugated donkey anti-rat secondary IgG. The stained cells were observed by confocal laser-scanning microscopy. White bar, 10 lm. (c) Effects of antibodies on
phagocytosis of NOZs by neutrophils. Neutrophils were incubated with NOZs at a concentration of 10 particles per cell for 45 min at 37 C in the absence or presence of anti-
CD11b mAb ICRF44, normal IgG, anti-LacCer mAb T5A7, or normal IgM. The phagocytic index is presented as the ratio of treated to non-treated cells (control). Data are
presented as means ± S.D. of 3 independent experiments. The phagocytic index was calculated and presented as the ratio to that of untreated neutrophils. Each bar shows the
mean ± S.D. of 3 independent experiments. *P < 0.05; **P < 0.01 compared with vehicle control.
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results suggest that C24:0- and C24:1-LacCer molecular species
are essential for LacCer-mediated superoxide generation in D-HL-
60 cells.
Chemotaxis for b-glucan is another LacCer-mediated neutrophil
function [54]. b-Glucans are a heterogeneous group of glucose
polymers consisting of b-1,3-linked b-D-glucopyranosyl units with
b-1,6-linked side chains of varying distribution and length [55,56].
Among the several types of b-glucan, poly-b-1,6 long glucosyl side
chain-branched b-glucans (e.g., zymosan-derived PGG-glucan and
Candida albicans-derived b-glucan, CSBG) enhance neutrophil
functions [35,57,58]. CSBG speciﬁcally binds to LacCer and induces
the chemotaxis of human neutrophils but not D-HL-60 cells. A 1,6-monoglucosyl-branched 1,3-b-D-glucan derived from Sparassis cri-
spa (SCG), which is bound by LacCer, did not induce neutrophil
chemotaxis. As shown in Fig. 4b, D-HL-60 cells loaded with
C24:0- and C24:1-LacCer migrated toward CSBG and anti-LacCer
IgM T5A7, but not toward SCG or normal IgM. Neither CSBG nor
anti-LacCer antibody T5A7, however, induced the migration of
D-HL-60 cells loaded with C16:0- and C22:0-LacCer. Thus, C24
fatty acid-containing LacCer is essential for CSBG-induced chemo-
taxis, possibly via the formation of LacCer-enriched membrane
microdomains. When Lyn molecules were knocked down by short
interfering RNA (siRNA) for human Lyn, the effect of C24:1-LacCer
loading on CSBG- or anti-LacCer antibody-induced migration of
D-HL-60 cells was completely lost (Fig. 4c). These observations
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5, 10, 20, and 40 min at 37 C. The cells were washed and solubilized, the lysates were cleared by centrifugation, and the supernatants were subjected to SDS–PAGE/
immunoblotting with anti-pY396 Lyn IgG. To determine the amount of Lyn in each band, the membranes were re-probed with anti-Lyn IgG. The blots shown are
representative of 3 independent experiments. (d) VIM12-induced activation of Lyn in LacCer-loaded D-HL-60 cells. C24-1-LacCer-loaded D-HL-60 cells were incubated with
or without 10 lM PP1 or PP3 for 30 min on ice. The cells were crosslinked with anti-CD11b F(ab0)2 VIM12 or anti-HLA class I antigen F(ab0)2 for 5 min at 37 C. (e) Effects of
Lyn siRNA on phagocytosis of C24:1-LacCer-loaded D-HL-60 cells. After 5 days of treatment with DMSO, HL-60 cells (4  106 cells) were transfected with Lyn siRNA or non-
targeting siRNA (control siRNA), and cultured for a further 72 h. The transfected D-HL-60 cells were loaded with C24:1-LacCer for 30 min at 20 C, and phagocytosis assays
were performed. Data presented are means ± S.D. of 3 independent experiments. **P < 0.01 as compared with control siRNA-transfected C24:1-LacCer loaded cells.
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60 cell migration.
5. Lyn-coupled LacCer-enriched microdomains are involved in
aMb2 integrin-meditated functions
Phagocytosis of non-opsonized microorganisms is also medi-
ated by LacCer [10]. Zymosans, which express high levels of b-glu-
can on their surfaces, are ligands for aMb2 integrin and LacCer
[40,59]. Consistent with these ligand-binding speciﬁcities, neutro-
phils phagocytose non-opsonized zymosans (NOZs), with this
phagocytosis being signiﬁcantly inhibited by both anti-CD11b
IgG and anti-LacCer IgM. We found that D-HL-60 cells phagocy-
tosed little NOZs, whereas they phagocytosed opsonized zymosans
in a C3bi-dependent manner. However, HL-60 cells loaded with
C24:0- and C24:1-LacCer, but not C16:0-LacCer, phagocytosed
NOZs (Fig. 5a). These results suggest that C24 fatty acid chain-con-taining LacCers are required for phagocytosis of NOZs by D-HL-60
cells.
In addition to LacCer, the aMb2 integrin CD11b/CD18, also
known as Mac-1 and CR3, binds to b-glucan [35,40]. aMb2 integrin
plays a central role in neutrophil activation at sites of inﬂamma-
tion. Several neutrophil functions, including adhesion, migration,
chemotaxis, phagocytosis, respiratory burst, and degranulation,
are regulated by aMb2 integrin [60]. Ligand binding to aMb2 inte-
grin results in Src kinase-dependent outside-in signals, resulting in
neutrophil activation [61]. The CD11b subunit has a unique struc-
ture, with not only a binding site for ligands, such as ICAM-1 and
C3bi, but a spatially separated carbohydrate binding domain. The
latter domain serves as a PRR for b-glucan, a major component of
fungal cell walls [62,63]. Binding of b-glucan to CD11b can directly
induce conformational changes in and activation of CD11b, leading
to superoxide generation [64]. Although neutrophil activation via
the ligand binding to aMb2 integrin is highly dependent on Src ki-
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Fig. 7. (a) Recovery of the CD18 subunit of aMb2 integrin in DRM. Plasma membrane DRM of resting cells (Plasma membranes), phagosomal-membrane DRM of neutrophils
and 0.5 lg/ml C24:1-LacCer loaded D-HL-60 cells (Phagosomal membranes) were immunoprecipitated with anti-LacCer mAb Huly-m13. The immunoprecipitates were
subjected to SDS–PAGE/immunoblotting with anti-CD18 mAb MEM-48. IP, immunoprecipitation. The detailed of the methods of preparation of phagosoman membranes of
neutrophils and D-HL-60 cells have been described [10]. (b) Effects of anti-CD18 mAb MEM-48 on VIM12-induced activation of Lyn in LacCer-enriched microdomains.
Neutrophils were incubated for 30 min on ice in the presence of 10 lg anti-CD18 mAbMEM-48 or normal mouse IgG, followed by crosslinking with anti-CD11b F(ab’)2 VIM12
for 5 min at 37 C. The cells were lysed and the resultant lysate was immunoprecipitated with anti-LacCer mAb Huly-m13 or normal mouse IgM. Then, the
immunoprecipitates were subjected to SDS–PAGE, followed by sequential immunoblotting with anti-pY396 Lyn IgG and anti-Lyn IgG. Data are presented as ratios relative to
control (without antibodies), and are expressed as the means ± S.D. of 3 independent experiments. *P < 0.05 compared with the normal mouse IgG-treated group.
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devoid of catalytic activities responsible for signaling inside the
cells [66,67]. F-actin was found to be enriched in the phagocytic
cup regions of microorganisms during early stages of phagocytosis
[68]. In the resting state, CD11b, LacCer, and actin were partially
colocalized on the plasma membranes of neutrophils (Fig. 5b). In
contrast, after cells were incubated with NOZs, both CD11b and
LacCer accumulated and colocalized in the actin-enriched phago-
cytic cup regions of NOZs. Moreover, the C24:1-LacCer loading-en-
hanced phagocytosis of NOZs was signiﬁcantly diminished by both
anti-CD11b and anti-LacCer antibodies (Fig. 5C). These results sug-
gest that both aMb2 integrin and LacCer-enriched microdomains
are involved in the neutrophil phagocytosis of NOZs, with C24:1-
LacCer playing an important role in this process.
The anti-CD11b mAb VIM12 recognizes the lectin-like domain
of CD11b [62,63], and has been shown to activate aMb2 integrin-
mediated neutrophil functions [69]. In resting cells, CD11b and
LacCer were detected as clusters on the plasma membranes, par-
tially colocalizing with each other (Fig. 6a). VIM12-induced large
punctate cluster formation of CD11b, with many of these CD11b
clusters colocalizing with LacCer. These observations suggest that
aMb2 integrin and LacCer are colocalized along with the activation
of aMb2 integrin. VIM12 was found to induce the phosphorylation
of Lyn not only in neutrophils but also in C24-1-LacCer-loaded
HL60 cells (Fig. 6b). Although VIM12 failed to activate LacCer-asso-
ciated Lyn molecules in D-HL-60 cells, loading with C24:1-LacCer
signiﬁcantly restored VIM12-induced Lyn activation, with the lat-
ter completely inhibited by PP1 (Fig. 5c and d). These ﬁndings sug-
gest that the function of LacCer-enriched membrane microdomains
can be restored by loading D-HL-60 cells with C24:1-LacCer.
Biochemical analysis revealed that most of the CD11b and CD18
subunits could be recovered in the detergent-soluble fractions but
not in the DRM fraction [10]. However, CD18 subunits could be
coimmunoprecipitated by anti-LacCer mAb from the phagoso-
mal-membrane DRM fractions of neutrophils and C24:1-LacCer-
loaded D-HL-60 cells (Fig. 7a). The anti-CD18 subunit antibody
MEM-48 signiﬁcantly inhibited the LacCer-associated Lyn
phosphorylation induced by the anti-CD11b subunit antibody
VIM12 (Fig. 7b). Taken together, these observations suggest thatLacCer-enriched microdomains are used as platforms for aMb2
integrin-mediated Lyn phosphorylation; that the CD18 subunit is
associated with LacCer-enriched microdomains of phagosomes
during phagocytosis of NOZs in neutrophils; and that CD18 is in-
volved in the CD11b activation-induced phosphorylation of Lyn
in LacCer-enriched microdomains.
6. Conclusion
To illustrate the role of very long fatty acid chains in GSL-en-
riched membrane microdomains, this review has tried to explain
in detail the signiﬁcance of C24 fatty acid chains of LacCer in
LacCer-mediated neutrophil functions. The proposed hypothesis
is shown Fig. 8. GSLs participate in the stabilization of membrane
microdomains [70] and the determination of membrane asymme-
try. Asymmetry is a well-established property of plasma
membranes and is dependent on the highly different lipid compo-
sitions of the two leaﬂets of the membrane bilayer. GSLs belong to
the external membrane leaﬂet. The assembly of cholesterol could
induce vacant pockets in the central part of the membrane, thus
allowing interdigitation of longer alkyl chains [71]. A minor inter-
digitation of longer alkyl chains usually occurs at the center of the
membrane core, dramatically increasing when the maximum
length of the hydrophobic chain exceeds the half thickness of the
membrane. The thickness of GSL-enriched microdomains has been
estimated to be about 5 nm [72]. Earlier calculations [73] have sug-
gested that the hydrophobic maximum length of the C24:0- and
C24:1-LacCer species is about 3.2 nm, or about 44% longer than
the half hydrophobic thickness of the membrane. Thus, interdigita-
tion of the C24:0- and C24:1-LacCer hydrophobic chains could
occur in the DRM of neutrophils and in C24:0- or C24:1-LacCer-
loaded D-HL-60 cells. NMR studies on artiﬁcial lipid bilayers
demonstrated that C24 fatty acid chains of LacCer can interdigitate
with fatty acids of the opposing monolayer [74]. Moreover, differ-
ential scanning calorimetry and Langmuir ﬁlm balance experi-
ments indicate that not only C24:0- but C24:1-LacCer shows
condensed, chain-ordered phase behavior [19]. One possible expla-
nation is that Lyn, which is anchored to the cytoplasmic leaﬂet of
lipid rafts, could interact, via its myristic and palmitic chains, with
Fig. 8. (a) Proposed model of signaling through LacCer-enriched microdomains. Sphingolipid-enriched microdomains are more tightly packed than the surrounding non-raft
phase of the bilayer, containing complex lipid species carrying 16–18 carbon atom acyl chains. Due to their high transition temperatures, these lipids participate in efforts to
reduce membrane ﬂuidity and favor cholesterol segregation within the same membrane areas. The assembly of cholesterol could induce vacant pockets in the central part of
the membrane, allowing interdigitation with longer alkyl chains. Due to the mismatch in lengths between cholesterol and the alkyl chains, the assembly of cholesterol could
induce packing defects in their central parts. Interdigitation of C24:0- and C24:1-LacCer hydrophobic chains could occur in lipid rafts of neutrophils, causing an association of
lipid rafts of external and cytoplasmic leaﬂets and the interaction of alkyl chains of LacCer and Lyn. In contrast, neutrophilic lineage D-HL-60 cells have quite a small amount
of C24 fatty acid chain-contained LacCer in their plasma membranes. Thus LacCer cannot form Lyn-coupled membrane microdomains on the plasma membrane of D-HL-60
cells. (b) aMb2 Integrin-dependent neutrophil phagocytosis is mediated by LacCer-enriched membrane microdomains. When PAMPs expressed on non-opsonized
microorganisms bind to aMb2 integrin (i), aMb2 integrin 18 is activated and undergoes a conformational change, resulting in the rearrangement of cytoskeletal proteins, such
as talin and a-actinin (ii). Following rearrangement of the latter, aMb2 integrin translocates into LacCer-enriched membrane microdomains, allowing aMb2 integrin to
transmit the stimulatory signals to the Src family kinase Lyn through LacCer-enriched membrane microdomains (iii). These signaling cascades lead to the formation of actin-
enriched phagocytic cups, resulting in phagosome formation (iv).
1650 K. Iwabuchi et al. / FEBS Letters 584 (2010) 1642–1652the C24 fatty acid-chain of LacCer inserted into the outer layer of
the membrane that protrudes in part into the cytoplasmic leaﬂet
via a small hydrophobic protein present in the cytosolic membrane
leaﬂet. Another possibility is that the protrusion of the hydropho-
bic chain of LacCer into the cytoplasmic membrane leaﬂet could be
so pronounced as to allow direct van der Waals interactions
between the acyl chains of Lyn and LacCer. A direct connection
between gangliosides present in the external leaﬂet of the plasmamembrane and proteins on the cytoplasmic side of the plasma
membrane (such as Src-family protein tyrosine kinases, caveolin
and tubulin) has been demonstrated in cells by loading with radio-
active gangliosides containing a photoactivable group at the end of
the acyl chain; radioactive proteins cross-linked with the ganglio-
sides could be isolated from DRM and characterized [75–77].
However, the mechanisms connecting GSLs and signaling
molecules are still vague in many respects. New biochemical meth-
K. Iwabuchi et al. / FEBS Letters 584 (2010) 1642–1652 1651ods are needed to determine the real structures and molecular
dynamics of GSL-enriched microdomains.
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